Gold nanostructures are a promising candidate for applications in plasmonics, biosensors, and electrical contacts owing to their excellent dielectric function, biocompatibility, and electrical properties[@b1][@b2][@b3]. However, most applications require either highly pure or highly conductive gold. To fabricate such nanostructures, there are several nanofabrication techniques, such as conventional photolithography and electron beam lithography, that are used in conjunction with metal layer deposition. Nevertheless, these methods fabricate nanostructures only on planar, smooth surfaces and require a complex multi-step process sequence to pattern material. They are further limited by the obligatory use of photoresist. To overcome these fabrication limitations, an additive direct-write lithography that can generate nanostructures without the need for resist or a photomask would be beneficial. Focused Ion Beam-Induced Deposition (FIBID) has become popular as direct-write nanolithography[@b4]. However, Ga^+^ implantation during deposition and atomic mixing are major downsides of the FIBID process[@b5].

Focused Electron Beam-Induced Deposition (FEBID) is another such direct-write nanofabrication technique, in which an electron beam of a scanning electron microscope is used to locally dissociate precursor molecules, and thereby deposit the desired material on the nanometre scale[@b6][@b7]. This technique has already shown its potential for different applications. For example, various materials, including iron[@b8][@b9][@b10], cobalt[@b11][@b12], tungsten[@b13], and platinum[@b14][@b15] have already been deposited for applications such as nanomagnet logic[@b16], magnetic force microscopy[@b17][@b18][@b19], hall sensors[@b11][@b20], patterning stencil masks[@b21], separating nanoparticles[@b22][@b23], and plasmonics[@b24][@b25]. FEBID has also been used to deposit gold nanostructures for metal-oxide semiconductor capacitors[@b26] and nanoantennas for surface-enhanced Raman spectroscopy[@b27][@b28].

However, FEBID gold nanostructures are generally fabricated using organometallic precursors such as AuMe~2~(acac) or AuMe~2~(tfac), which contain a large amount of carbon. Therefore, these structures suffer from a carbon contamination problem. Generally, commercially available precursor produces gold nanostructures with a metal purity around 25 at. %[@b27][@b29]. Such low metal content is the real challenge for a wider application of FEBID gold structures. Previously, carbon-free precursors have been used, which show high metal content[@b30][@b31]. However, these precursors became unpopular owing to their thermal instability, resulting in premature decomposition. Different post-deposition purification techniques[@b32][@b33][@b34], such as annealing[@b35][@b36], substrate heating[@b37][@b38], laser-assisted FEBID[@b39], electron beam curing[@b40] and post-deposition exposure to water[@b41][@b42] and oxygen flux[@b43] have been utilized to purify various FEBID structures. However, there is no *in situ* deposition procedure that can deposit highly pure and conductive FEBID Au in a single process step.

This work presents a specially enhanced process to deposit highly pure and conductive FEBID Au structures directly, without any post-deposition purification approach. This *in situ* purification is achieved by the injection of water vapor as a second gas, together with the organometallic precursor simultaneously, during the deposition of Au nanostructures. This injection leads to the highest gold purity obtained so far from a direct deposition. This atomic composition was verified by i) Scanning Electron Microscopy (SEM) Energy Dispersive Spectroscopy (EDX), ii) Transmission Electron Microscopy (TEM) EDX and iii) TEM Electron Energy Loss Spectroscopy (EELS). The resistivity of the deposit was measured using the standard I-V characteristics. Finally, a model is discussed, showing the actual deposition of gold and carbon.

Results
=======

In a typical FEBID process shown in [Fig. 1a](#f1){ref-type="fig"}, there are two major factors that result in low metal content of the deposit: i) carbon deposition from the residual gas in the SEM chamber and ii) carbon originating from the ligands of metalorganic precursors. To reduce the contribution of carbon deposition from residual gas inside the SEM, the chamber was cleaned prior to deposition utilizing highly energetic ultraviolet light combined with highly reactive ozone[@b44].

The precursor molecule dimethylgold (III) trifluoroacetylacetonate has a carbon-to-gold ratio of 7:1. In a typical deposition, this precursor generally delivers \~15--30 at. % gold content[@b40][@b45]. To deposit a highly pure gold nanostructure from this precursor, a second gas was injected simultaneously during the deposition as presented in [Fig. 1b](#f1){ref-type="fig"}. This second gas works as an oxidative enhancer. Such an oxidative enhancement may reduce or prevent carbon contamination during the deposition. Owing to its high polarity and high adsorption coefficient on most surfaces, water was chosen as the oxidative species. This study focused on whether and to what extent this additional oxidative enhancement can improve the chemical purity of the gold deposit.

Scanning Electron Microscopy (SEM) Investigations
-------------------------------------------------

A SEM image of the conventional FEBID Au and water-assisted FEBID Au are presented in [Fig. 1c,d](#f1){ref-type="fig"}. To investigate the effect of water on the deposition process, several depositions were performed with increasing water content. Starting from a base pressure of \~6 × 10^−7^ mbar, the injection of the gold precursor has led to an increase in the chamber pressure by \~1.84 × 10^−5^ mbar (i.e., total chamber pressure of \~1.90 × 10^−5^ mbar). In the case of water injection, the chamber pressure was again increased by 2.01 × 10^−4^ mbar (i.e., total chamber pressure of 2.20 × 10^−4^ mbar), while keeping the gold pressure constant. Because the nozzle geometry was comparable, in the ultimate case, a 10-fold flow of water is injected relative to the metalorganic gold precursor. The image in [Fig. 1d](#f1){ref-type="fig"} indicates that the water addition may also influence the geometry of the deposit as well as the geometry of the halo. If this is a real chemical effect or just a visual artifact due to different contrast settings or different secondary electron-yield depending on the material purity and sample drift during deposition- is still under investigation.

For the deposited areas, the atomic composition obtained via SEM EDX depending on the chamber pressure is presented in [Fig. 1e](#f1){ref-type="fig"}. The first data point reflects the situation in which no additional water was injected and shows a gold content of only 30 at. %. Injecting the water (and maintaining) up to a total chamber pressure of \~7.2 × 10^−5^ mbar and resulted in a gold content of 52 at. %. A further increase in water partial pressure results in a chamber pressure of \~1.2 × 10^−4^ mbar and leads to a gold content of 82 at. %. Maximum gold purity of 91 at. % was obtained at a chamber pressure of \~2.2 × 10^−4^ mbar. [Figure 1e](#f1){ref-type="fig"} indicates that the atomic composition of the FEBID Au structure can be tuned by varying the water pressure during deposition. An EDX map and a line scan obtained from a typical square deposition are shown in [Supplement 1a,b](#S1){ref-type="supplementary-material"}, which proves that the entire area of the deposited material has homogeneously high gold content.

In the next step, the atomic composition of FEBID Au that was specifically enhanced by water injection was compared with a conventional sputtered gold deposition. Generally, sputter-deposited films have a composition that is close to the source material (99.99 at. %). That is why this conventional method is used in the industry to deposit pure films of desired material. Before obtaining the EDX from sputtered gold, the sample was cleaned with oxygen plasma. The sputtered gold resulted in purity from 76 at. % to 89 at. % with an average value of 83 at. % from 19 different measurement regions.

Quantification of the accurate gold content by EDX is considered to be a critical issue owing to the error-prone algorithm of background correction. Therefore, the EDX system was calibrated with a 99.99 at. % pure sputtered layer showing that an EDX read-out value of 83 at. % actually corresponds to 99.99 at. % pure gold. This result is in perfect agreement with the work and prediction of Mulders *et al*.[@b46][@b47][@b48]. This calibration and the literature suggest that oxidative assisted FEBID process produced pure gold nanostructures that are comparable to other methods.

This result also indicates that one step deposition and "*in-situ*" purification of FEBID gold work simultaneously and produce highly pure gold structures.

Transmission Electron Microscopy (TEM) Investigations
-----------------------------------------------------

To confirm the SEM findings, extensive TEM analysis was conducted on the water-assisted FEBID Au nanostructures. As test structures, square shape FEBID-Au nanostructures were deposited on a Ge substrate, using the parameter set mentioned in the method section. The TEM lamella of this FEBID-Au nanostructure was prepared by FIB milling. Prior to FIB milling, a capping layer of chromium was sputtered on the deposit with a nominal thickness of 150 nm. This layer shielded the gold deposit from ion and (even more importantly) electron irradiation during the focused ion beam processing of the cross section. Hence, electron beam-induced curing is effectively excluded, and the Monte Carlo simulation shown in [Supplement 2a,b](#S1){ref-type="supplementary-material"} confirms that 5 keV primary electron beam energy cannot penetrate the 150 nm thick protective chrome layer. In addition, prior to FIB processing, a protective platinum layer was also deposited using FEBID. In the bright field TEM image presented in [Supplement 2c](#S1){ref-type="supplementary-material"}, all four different layers of Ge, FEBID gold, sputtered chrome layer, and a FEBID Pt layer can be clearly distinguished The selected area diffraction (SAED) shown in [Supplement 2d](#S1){ref-type="supplementary-material"} was obtained from an area approximately 100 nm around the centre of the Au-FEBID deposit. The SAED shows that the first diffraction ring is located 4.19 nm^−1^ from the un-diffracted spot in the reciprocal space; this corresponds to a distance of 0.238 nm for the 111 gold plane. This defined diffraction ring confirms that the deposited gold has polycrystalline behaviour. A High-Angle Annular Dark-Field (HAADF) scanning transmission electron microscopy (STEM) image obtained of the FEBID-Au is shown in [Fig. 2a](#f2){ref-type="fig"}. The top layer corresponds to homogeneous FEBID platinum, appearing dimmer relative to the deposited gold structure. The gold deposit shows small dark spots due to the coalescing carbon clusters entrapped in the gold. The halo deposition around the primary deposit shows the typical EBID gold crystallites embedded in a carbonaceous matrix[@b40][@b49][@b50]. The sputtered chrome layer appears to be darker than the heavier gold and platinum deposits. The grey area between the protective chrome layer and Ge substrate is a halo deposition from secondary electrons. The location of the grey layer, its decreasing thickness from the scan area to the outside are the typical characteristics of a halo deposition in FEBID process. This halo can be removed by post-deposition Ar^+^ milling[@b9].

A TEM EDX spectrum and a line scan along the z-axis (shown in red line) of the deposition are presented in [Fig. 2b,c](#f2){ref-type="fig"}. The TEM EDX measurement of the FEBID-Au indicates a gold content of 74.2 at. %, whereas carbon was present in the structure in insignificant amounts. The oxygen content (detailed in [Supplement 3](#S1){ref-type="supplementary-material"}) was relatively high when compared to the measurements shown in [Supplement 1b](#S1){ref-type="supplementary-material"}. The EDX spectrum shows some unexpected peaks that are attributed to copper, iron, cobalt, and chrome, and those are not related to the FEBID Au process. These signals are generated mainly from applied chrome coating or from the microscope itself. Whereas these signals were considered during the background correction, they were corrected in the final quantification of gold, carbon, and oxygen ratio (the final interpretation focused only on the quantification of gold, carbon, and oxygen). Moreover, the essential assigned peaks, arranged by energies, are listed in [Supplement 3a](#S1){ref-type="supplementary-material"}. The EDX line scan was performed along the height axis, starting from the chrome protection layer down to the germanium substrate. As expected, the sputtered chrome layer is oxygen rich because chrome oxidizes easily. The oxygen count is increased, both at FEBID deposition and pure Ge substrate. This can explain the relatively high oxygen content detected in the EDX measurement. A further increase in the oxygen count is evident at the interface between the gold and germanium. This is due to the formation of germanium oxide in the presence of water during the initial phases of the FEBID process. The low carbon count mostly remains constant along the height (z) axis, and the gold count is very significant and much higher in comparison to all other counts.

TEM EELS analysis was performed to further investigate the chemical composition, especially of light elements. The full spectrum obtained from an energy range 0 to 2800 eV is shown in [Supplement 3b](#S1){ref-type="supplementary-material"}. The carbon K edge is at 284 eV energy loss, whereas the oxygen K edge is at 532 eV. The gold M edge is marked at 2206 eV. A detailed section of the full spectra for carbon, oxygen, and gold are shown in [Fig. 3a--c](#f3){ref-type="fig"}. The fitted background is shown in red, whereas the subtracted signal is shown in grey for carbon, blue for oxygen, and yellow for gold. The quantification shown in [Fig. 3d](#f3){ref-type="fig"} demonstrates, that the deposit has a gold content of 82 at. %. Summarizing, TEM investigation indicates that water-assisted FEBID Au has a very high gold concentration.

The atomic compositions obtained from SEM EDX (which is more reliable at high mass numbers) and TEM EELS (which is more reliable at low mass numbers) are presented in [Table 1](#t1){ref-type="table"}. Both analysis methods equally indicate a high gold content of the FEBID Au structures that were deposited using water as an additional gas. This gold content is above 80 at. %, and it is indeed the highest gold content obtained so far from a one-step direct FEBID process while using a commercial metal organic gold precursor. On a more general scale, comparing with all metals, the highest metal content of 95 at. % was achieved earlier from a cobalt metal organic precursor[@b51].

Electrical Resistivity Measurements
-----------------------------------

For various nanoelectronic applications, a highly pure and highly conductive gold structure is essential. High conductivity is also a measure of the metal's purity. This is why, in the final step, electrical resistivity measurements of highly pure FEBID Au were performed. At the beginning, 4 point-probe contacts made of Au were fabricated using conventional photolithography and a lift-off process. A FEBID-Au nanowire was then deposited across the 4 metal contacts, which were 2 μm wide and 150 nm high and had a spacing of 2 μm. Two different sets of depositions were performed on separate samples. First, a conventional FEBID Au nanowire was deposited without an oxidative enhancer (\~1.4 × 10^−5^ mbar). Second, FEBID Au was deposited using water as an oxidative enhancer (\~2.2 × 10^−4^ mbar). The height of the deposited water-assisted Au nanowires was 30 nm, determined from an AFM height profile. For electrical characterization, the corresponding I-V characteristics of both FEBID-Au nanowires were measured. During the I-V measurement, voltage was applied to the outer contacts, inducing a current across the device being tested. The current values of the two inner measurement electrodes were set to zero, and the voltage across them was measured current-free.

For soft testing, the current range through the nanowire was gradually increased. First, low current values limited to 8.2 μA were chosen to avoid current-induced effects, such as electromigration and thermal annealing. The voltage drop between the inner measurement electrodes increased with the increasing current. This resulted in a lower noise level of the calculated resistance, where increasing current ranges were applied until failure (20 mA) of the FEBID-Au nanowire occurred. Conventional FEBID Au (without an oxidative enhancer) resulted in a tunnelling type conductance, as presented in [Supplement 4](#S1){ref-type="supplementary-material"}. This also reveals a very high resistivity of 1 Ω cm, which is an indicator of a poor conductor. The conductivity measurements of water-assisted FEBID Au are presented in [Fig. 4a,b](#f4){ref-type="fig"}. Both I-V graphs correspond to ideal ohmic behaviour. More than ten measurements resulted in resistivities from 10.9 μΩ cm down to a best case of 8.8 μΩ cm. To our knowledge, the highest FEBID gold conductivity was achieved by post-deposition purification, resulting in a resistivity of 17 μΩ cm[@b43]. For comparison, the bulk resistivity of gold is 2.2 μΩ cm[@b43]. With an oxidative enhancement during Au deposition, the resistivity of gold was just 4-fold higher than that of pure gold. This is, by far, the highest-conductivity measurement of FEBID Au obtained so far. The current density of the wire is \~715 kA/mm^2^, which is high enough for any typical nanoelectronic device application.

Discussion
==========

As shown by the SEM and TEM investigations, it is possible to deposit highly pure FEBID gold directly, without any post-deposition purification. To understand the mechanism underlying such deposition, a model was derived from the deposited volume and composition. This model proposes an explanation for the purification effects, together with the deposition rates.

To develop the model, the height of the deposited Au structures, deposited with different water pressure, was obtained from Atomic Force Microscopy (AFM). For the same deposits, the chemical composition was determined by SEM EDX. Owing to the different densities, the main components Au, C, and O contribute differently to the measured height than at. % measured by EDX. It should be noted that a gold atom takes more space than a carbon atom. Hence, the vol. % values were calculated based on the best obtained chemical composition and using following densities: Au 19.30 g/cm^3^ and graphitic C 2.26 g/cm^3^. For O, the molar mass/density was 6.23 g/mol which is an approximation that is mathematically derived from oxygen in solid compound. The total height of a deposit can be regarded as the sum of the volume contributions of the deposited Au atoms, C atoms and O atoms. This difference between the elemental composition (at. %) and the volume contributions (vol. %) is illustrated by [Supplement 5](#S1){ref-type="supplementary-material"}, which shows the height of the structure and the corresponding Au, C, and O contributions in at. % (left bar) and the same height with the Au, C, and O contribution to this height as vol. % (right bar) for each chamber pressure. A detailed calculation of the specific volume can be found in [Supplement 6](#S1){ref-type="supplementary-material"}.

[Figure 5](#f5){ref-type="fig"} illustrates the height of the deposited gold structure, as obtained at different levels of oxidative enhancement. Except for the varying water injection, all other deposition parameters were maintained to be identical. Every height bar in [Fig. 5](#f5){ref-type="fig"} also reflects the volume contribution of the deposited gold (amber), oxygen (blue), and carbon (grey), based on the previously calculated vol. %. In short, the height of the bar represents the deposition rate, and the distribution of the areas for gold (amber), oxygen (blue), and carbon (grey) reflects their volume contribution.

[Figure 5](#f5){ref-type="fig"} shows that the total height of the deposited material constantly decreases with increasing water addition. The most remarkable fact is -- the contribution of the gold to the total height (which is also the contribution of gold to the deposited volume) constantly increases for the first 3 depositions up to a total pressure of 1.2 × 10^−4^ mbar. In other words, when the deposition rate for the composite decreases, the deposition rate of the gold itself increases.

Conventional FEBID Au without water injection (chamber pressure: \~1.9 × 10^−5^ mbar) consists of 62 at. % carbon, which corresponds to 49 vol. % and is equivalent to \~879 nm of the height of the deposited volume. A gold content of 25 at. % corresponds to 40.9 vol. % Au, and this is equivalent to \~737 nm of the height of the deposited volume. The oxygen in the deposit could theoretically be trapped in or bonded to either the gold or the carbon. Because depositions with higher gold content also resulted in a much lower carbon deposition (chamber pressure: \~2.2 × 10^−4^ mbar), it is speculated that the oxygen is mainly bound to the carbon as a hydroxyl group or ketone group. The latter would be reasonable because one precursor molecule contains two ketone groups in every trifluoroacetylacetonate ligand. Based on the space consumed by oxygen in a solid compound, the volume of the bound oxygen contributes to \~183 nm of the total height of the deposit.

A post-deposition cleaning thought experiment can be imagined on this 1800 nm high carbon rich and oxygen rich conventional FEBID Au. It is assumed that the oxygen is bound to the carbon and not to the noble gold. With a 100% cleaning efficiency in the best case all carbon and all oxygen could be removed. In this best case scenario only a 737 nm high deposit of pure gold would remain. In the next step, this issue and the effect of the oxidative enhancement will be investigated.

Adding a small flow of water as an oxidative enhancer during the deposition (chamber pressure: \~7.2 × 10^−5^ mbar), the total height of the deposition decreases. A closer look at the deposited volume contribution reveals that the carbon content of the deposition decreased strongly, and most importantly, the volume of the gold increased significantly. In other words, although the total height of the deposit was only 1700 nm, the gold now contributed 1059 nm to the height of the total volume. In contrast to any post-deposition cleaning procedure, the *in situ* water addition during FEBID of Au can also increase the efficiency of the gold deposition. Only with this small flow of water as an oxidative enhancer, the gold deposition could be increased by 44% (= (1059/737) − 1)\*100). The volume contribution of carbon was reduced from 879 nm to 503 nm, which corresponds to a 43% decrease of the carbon volume. In summary, the injection of water as an oxidative enhancer not only results in less carbon in the deposit but also increases the yield of the gold deposition.

It is long known that in condensed and adsorbed molecules the reactivity under electron irradiation may be quenched or enhanced by the surrounding medium[@b52]. It is reasonable that the chemical reactivity of the gold precursor and the pathway of electron-induced decomposition may change when aggregated with water molecules. The molecular aggregates may exhibit new electronic and vibrational interaction pathways that facilitate the high purity of our deposits[@b53].

The astonishing fact that more Au is deposited in the presence of water than with conventional FEBID is explained by the fact that more gold precursor molecules must be decomposed in the presence of water. Through the presence of water, the dissociation cross section for electrons has changed and the dissociation energy of the Au precursor is modified. Therefore, we propose that this higher deposition yield is due to the simple fact that more precursor is adsorbed on the surface. This corresponds to the fact that more gold precursor molecules can stick to the surface of the deposition area---precursors that come from either surface diffusion or from the gas phase. It is speculated that the presence of water facilitates not only the electron-induced oxidation of carbonaceous deposits but also the electron-induced oxidation of the adsorbed organic ligands (trifluoroacetylacetonate and its fragments) and of the residual gas components with high molecular mass. This will free up more surface sites for the adsorption (and later decomposition) of gold precursor molecules. This model is consistent with the observed effects of higher gold deposition yield and higher gold purity of the deposits. Adding more water may further pronounce this effect.

As more water was added (chamber pressure: \~1.2 × 10^−4^ mbar), the deposited gold volume and deposition yield further increase. With gold contributing to 1286 nm of the total height, this is equivalent to a 75% increase in the gold deposition yield. At the same time, the carbon content decreases and contributes to only 144 nm of the height. This is equivalent to an 84% reduction of carbon in the deposited volume. It should be noted that carbon, along with oxygen, decreases. This confirms the previous assumption that oxygen is bound to the carbon. If the oxygen would be bound to gold---which is theoretically possible in gold oxide---then an increase in the gold volume would also lead to an increase in the oxygen volume. This is not the case.

In addition, the used precursor contains oxygen as a ketone group, and this double bond strongly bonds the oxygen to carbon. The electron-induced oxidative removal of carbon (with the oxygen bound to it) results in free adsorption sites on the surface. Because there are still enough gold precursor entering either from the gas phase or by the surface diffusion, this means that the gold deposition yield increases, and, at the same time, the carbon contribution decreases. As shown in [Fig. 5](#f5){ref-type="fig"}, the moderate water injection, leading to a chamber pressure of \~1.2 × 10^−4^ mbar, has led to the highest gold deposition yield observed in this study. This coincides with an 84% reduction of carbon.

However, the oxidative removal of the carbon (and the oxygen bonded to carbon) is possible only if the injected water is also available on the surface. Hence, it is assumed that water must occupy surface sites to chemically react with the carbon- and oxygen-containing surface species. This, unfortunately, also means that water can block surface sites for the adsorption of the gold precursors. Therefore, in the proposed model, an excessive injection of water will lead to a further decrease in carbon contamination but will also reduce the gold deposition yield. This was in fact observed for water injection, leading to a chamber pressure of 1.7 × 10^−4^ mbar and onwards. A similar precursor competition issue was reported for focused ion beam-induced co-deposition from W(CO)~6~ and C~10~H~8~ precursors[@b54]. Although the above reported work used different molecules than this work, a metalorganic gold precursor and water follows same rationale which is equivalent for both experiments. Both works indicate the validity of the precursor competition mechanism.

For additional water injection (chamber pressure above 1.2 × 10^−4^ mbar), the volume of the gold deposit did not increase any further but rather started to decrease. However, the volume of the deposited carbon still decreased further, which confirms even better cleaning efficiency at a high water pressure. As the water pressure is increased, the excess amount of water on the surface blocks the surface diffusion or incoming adsorption from the gas phase. The gold precursor cannot occupy as many surface sites, and the deposition yield goes down. At this point, it is reasonable to assume that the precursor coverage on the surface is no longer as high as with 1.2 × 10^−4^ mbar. Compared with the water injection up to a chamber pressure of \~1.2 × 10^−4^ mbar, the gold deposition yield was clearly decreased by 10% (1.7 × 10^−4^ mbar) and 27% (2.2 × 10^−4^ mbar), respectively. However, in contrast to the conventional FEBID without an oxidative enhancer, the injection of water to the highest chamber pressure of 2.2 × 10^−4^ mbar still yielded a 28% (944/737) increase in the gold deposition yield. However, excessive water injection further promoted the cleaning efficiency from carbonaceous contaminations of the deposit. Whereas the carbon deposition still contributed to 144 nm of the weight of the deposit, further water injection led to a decrease to 121 nm (1.7 × 10^−4^ mbar) and 50 nm (2.2 × 10^−4^ mbar). Compared with the water injection for the best gold deposition yield (1.2 × 10^−4^ mbar), the further increase in the water injection led to a further decrease in carbon by −16% (1.7 × 10^−4^ mbar) and even −65% (2.2 × 10^−4^ mbar). This confirms the beneficial aspect of high water coverage on the surface. Both effects---the lower gold deposition yield and the increased purity---are consistent with the proposed model.

In summary, we have demonstrated a novel technique that can yield highly pure FEBID Au and that increases the yield of the gold deposition. This novel approach allows the deposition of highly pure Au, *in situ* with the help of water injection, and without any post-deposition purification approach. The high purity of the structure was verified via SEM, TEM EDX and TEM EELS. The conductivity of the FEBID Au obtained is the highest FEBID directly deposited conductivity that has been achieved. In addition, a model has been proposed, based on the deposited volumes and chemical compositions, that explains the mechanism of water as an oxidative enhancer. As predicted by this model, the highest water injection (2.2 × 10^−4^ mbar) yielded the best purification with 94% removal of carbon contamination and a 28% increase in the gold deposition yield relative to the conventional (water-free) Au-FEBID. The best increase in the gold deposition yield was by 75% relative to conventional (water-free) Au-FEBID, which was observed for medium water injection. The present study has provided valuable insight into the mechanisms of *in situ* purification. The purification of gold *in situ* during deposition has laid the foundation for future applications involving low-resistivity electrical interconnects, 3D plasmonic structures and biomolecule immobilization.

Methods
=======

FEBID experiments were performed inside an oil-free Zeiss Leo 1530VP scanning electron microscope with a custom-made multi-nozzle gas injection system (GIS). Commercially available dimethyl gold (III) trifluoroacetylacetonate precursor was used to fabricate Au samples. The gold precursor and the water were injected via two separate nozzles. Both nozzles are cylindrical in shape, with an inner diameter of 400 μm. The Au nozzle was approximately 300 μm above the surface of the substrate. The deposition location was approximately 1 mm from the centre of the nozzle aperture. The water nozzle was placed 250 μm from the deposition spot horizontally and 100 μm vertically. Both nozzles were inclined \~35° to the surface and mounted in opposite directions, pointing to the same deposition spot. During the deposition, the gold precursor reservoir was heated to \~40 °C. The base pressure of the chamber was \~6.7 × 10^−7^ mbar. For Au deposition, the gold precursor influx resulted in a working pressure of \~1.9 × 10^−5^ mbar. This pressure was also maintained during experiments with water injection. In the case of water injection, the chamber pressure increased from 7.2 × 10^−5^ mbar to 2.2 × 10^−4^ mbar owing to the selected injection flow.

Gold deposition was performed after pumping the system chamber for at least 12 h. Reduced area scan mode with a scan speed 6 was used to perform square deposition with a \~5 nm point-to-point pitch. TEM investigated samples were also fabricated using the same conditions while the precursor was at room temperature. During line deposition, a dwell time of 200 μs and 5 nm point-to-point pitch were used. Also, a Raith Elphy Plus pattern generator was utilized to control the scan procedure of the electron beam. An acceleration voltage of 3 kV and a beam current of 4 nA was used for all oxidative assisted FEBID deposition.

The ultrasonically cleaned n-doped Ge substrate with a native oxide of \~2 nm was used to deposit Au structures for both SEM & TEM analysis. An n-type Si substrate with wet thermal oxide of 90 nm was used for the deposition of Au structures for I-V measurements. There were no signification changes observed in growth rate on Si and Ge substrates.

EDX analysis was performed with a different instrument---a Zeiss Neon 40Esb cross-beam microscope---at a base pressure of \~2 × 10^−6^ mbar. EDX was performed at 5 kV, with an Oxford Instruments EDS 7427 detector. The samples for SEM analysis were briefly exposed (\<2 min) to cleanroom air during the transfer from the Zeiss Leo 1530VP SEM to the Zeiss Neon SEM. TEM characterization was performed using an FEI Tecnai F20 microscope equipped with an EDAX detector for energy dispersive spectroscopy and a Fischione 3000 detector for high-angle annular dark field imaging at an acceleration voltage of 200 kV and a GATAN GIF Tridiem EELS detection system. Four-point probe electrical characterization of horizontal NWs was carried out, using an Agilent 4155B semiconductor parameter analyser. AFM measurements were conducted, using a Veeco/Bruker Dimension 3000 atomic force microscope. During the transfer of the TEM samples from the cleanroom to the TEM facility, these samples were exposed to the atmosphere for less than 2 h.
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![Specially enhanced FEBID process.\
(**a**) Conventional FEBID Au process (**b**) Water-assisted FEBID Au process (**c**) Conventional FEBID Au structure, (**d**) Water-assisted FEBID Au, (**e**) Atomic composition obtained from SEM EDX for different chamber pressures.](srep34003-f1){#f1}

![TEM EDX investigations.\
(**a**) HAADF STEM image of the assisted FEBID gold structure. The image reveals a mass contrast among the germanium substrate, the FEBID gold deposit, the sputtered chrome layer, and the applied FEBID platinum layer. The grey area between the chrome layer and Ge is halo deposition from secondary electrons. (**b**) TEM EDX spectrum of water-assisted FEBID gold structure. (**c**) TEM EDX line scan along the z-axis of the deposition (marked with a red line in **a**). (**d**) TEM EDX quantification results.](srep34003-f2){#f2}

![Detailed parts of the TEM EELS spectrum.\
The acquired raw count is shown in green, the fitted exponential background is drawn in red, and the resulting background corrected signal is shown. The shown energy range in (**c**) is broader compared with (**a,b**) because of the delayed edge characteristic of the gold M signal. (**d**) EELS quantification results and parameters.](srep34003-f3){#f3}

![Electrical resistivity measurements.\
(**a**) I-V characteristics of the "*in-situ*" purified FEBID Au nanowire. The inset in (**a**) shows an SEM image of the used four-point contacts. (**b**) A measurement series with increasing maximum current from 1.5 mA to 10 mA is shown. The insets in (**b**) show an AFM image and height profile of the deposited structure.](srep34003-f4){#f4}

![Height and volume contribution of the deposited gold (amber), oxygen (blue), and carbon (grey).\
An explanation of the calculation is shown in [Supplement 6](#S1){ref-type="supplementary-material"}.](srep34003-f5){#f5}

###### SEM and TEM comparison of atomic composition.

  Treatment\\Element    C (at. %)   O (at. %)   Au (at. %)
  -------------------- ----------- ----------- ------------
  SEM-EDX                 4--8        5--12       81--92
  TEM EELS                 11           7           82

[^1]: These authors contributed equally to this work.
